Abstract: HPLC employing a thermostatted Lichrospher 100 diol column was used to separate mixtures of glycerophospholipids of rapeseed, olive, almond, and sunflower oils. Elution was performed with a binary gradient of two mixed solvents A: hexane -isopropanol -acetic acid -triethylamine (82:17:1.0:0.08 v/v/v/v) and B: isopropanolwater -acetic acid -triethylamine (85:14:1.0:0.08 v/v/v/v). The LC effluent was directly introduced into the mass spectrometer through an electrospray capillary. Information about the fatty acid composition of each glycerophospholipid class was given by tandem mass spectrometry (MS-MS). These techniques permitted a rapid separation and identification of complex mixtures of glycerophospholipids. The relative abundance of each lipid class in each oil was also determined. The resulting glycerophospholipid signature may provide an efficient means of identifying oil origin and possible adulteration.
Introduction
Glycerophospholipids constitute a principal class of membrane lipids. They are comprised of a glycerol backbone in which two alcohol substituents have been replaced with fatty acid side chains and the third has been phosphorylated. They play a role in both the physical structure of the cell membrane and in the various phenomena linked to the functioning of these membranes such as selective permeability, active transportation, and electrical conductivity.
The various classes of glycerophospholipids are derived from phosphatidate (diacylglycerol-3-phosphate) which itself is not usually a prominent membrane phospholipid but is involved in their biosynthesis. The phosphate group of the phosphatidate is esterified by the hydroxyl group of various alcohols such as ethanolamine, choline, inositol and glycerol ( Fig. 1) . This variety makes their separation and analysis with classical techniques difficult.
The conventional method for analysing glycerophospholipids required a preliminary separation by thin layer chromatography (TLC) (1) followed by enzymatic hydrolysis to permit their separation and detection by gas chromatography (GC) (2) . To enhance the resolution of the often complex mixtures of lipids, high performance liquid chromatography (HPLC) has largely supplanted TLC (3) (4) (5) (6) . A combination of HPLC and GC methods has been proposed to resolve the complex mixtures of potato tuber and tobacco leaf glycerophospholipids into the various molecular species present in each lipid class (7) . Liquid chromatography -mass spectrometry (LC-MS) employing a thermospray interface has been used to determine the molecular species of several components of the lipid classes (8) but the procedure still required that the fatty acids be analysed by GC. Off-line coupling of HPLC separation with fast-atom bombardment (FAB) mass spectrometry has also been used in the analysis of phospholipids in peanuts (9) . There have been considerable efforts in the last few years to identify glycerophospholipids by electrospray-tandem mass spectrometry (10) and all have focussed on the analysis of positive lipid ions (either protonated lipids or ones complexed by a metal ion). The tandem mass spectra obtained in positive ion mode, however, are quite complex and requiring extensive interpretation (10) . Recently, a sensitive method has been described for the separation and identification of glycerophospholipids derived from fungi and pollen in air samples by negative ion LC-MS and tandem mass spectrometry (MS-MS) (11) . The tandem mass spectra obtained for negatively charged lipids are very simple and typically contain only peaks due to the fatty acid side chains, thus allowing their identification.
In the present study, we have employed LC-MS and LC-MS-MS as a rapid separation and identification tool for the complex mixtures of glycerophospholipids found in five vegetable oils: the oils from two forms of rapeseeds (Hybridol and Pactol), olives, almonds, and sunflowers. Tandem mass spectrometry is used to aid in the identification of lipid class and fatty acid composition. The information provides a unique glycerophospholipid signature for each kind of oil, which may be used to improve purity tests for these oils that face frequent adulteration.
Experimental procedures
Olive oil was commercially obtained (Almoubaraka). Rapeseeds (Brassica napus L.) of the variety Pactol and Hybridol, almonds and sunflower seeds were provided by the Institut de Recherches Agronomiques de Tunis. Total lipids were extracted by a modified Bligh and Dyer method (12) . The seeds were put in boiling water for 5 min to inactivate the phospholipases and were then finely crushed with a mortar and pestle. Lipids were extracted with a mixture of chloroform and methanol (1:1, v/v). Fixing water was added at the end of the extraction to eliminate nonlipid components. The extract was centrifuged at 3000 rpm for 15 min. The final chloroform extract was evaporated using a rotary evaporator at 35°C and finally dried under a stream of nitrogen. The extracted was stored at -10°C.
The LC-MS and LC-MS-MS procedures employed in this study have been discussed previously (11) . Briefly, liquid chromatography was performed on an HP 1050 Ti series gradient pump having a 10 µL sample loop. A Lichrospher 100 diol column (250 mm × 4.6 mm, 5 µm particle size; Merck, Germany) was used to separate phospholipids according to class (see Table 1 ). The binary solvent gradient consisted of solvent mixture A: hexane -isopropanolacetic acid -triethylamine (82:17:1.0:0.08 v/v/v/v) and mix- ture B: isopropanol -water -acetic acid -triethylamine (85:14:1.0:0.08 v/v/v/v). The gradient was started at 5% mixture B and its percentage was increased linearly to 80% over 25 min. This composition was maintained for 1 min before being returned to 5% B over 10 min and maintained at 5% for another 4 min (40 min total run time). The flow rate of 1 mL/min through the column was subsequently split to 100 µL/min using a micro-splitter valve (Upchurch Scientific, Oak Harbor, Wash.) before being introduced to the electrospray ionization source of the mass spectrometer. Glycerophospholipids were detected with a Quattro-LC (Waters) electrospray ionization triple-quadrupole mass spectrometer (operating in negative ion mode) employing the MassLynx (ver. 3.5) control and processing software. The 100 µL/min flow of eluent was passed through the electrospray capillary, which was held at -3.8 kV. The source block temperature was 80°C and the cone voltage was set at -70 V. N 2 drying gas was passed coaxially to the capillary with a flow rate of approximately 100 L/h. Tandem mass spectra were obtained by introducing argon collision gas into the central, RF-only hexapole to a recorded pressure of 2 × 10 -4 mbar (1 bar = 100 kPa). Precursor ions were selected with unit mass resolution by the first quadrupole (Q1) and collision-induced dissociation (CID) mass spectra were obtained by scanning the last quadrupole (Q3) with slightly less than unit mass resolution.
Results and discussion
The total ion chromatograms for the five oils are shown in Fig. 2 . Glycerophospholipid class identification was confirmed by summing the mass of each R group (Fig. 1) identified by MS-MS with that of the glycerol backbone (41 Da) and phosphoric acid (95 Da). The remaining mass is due to the polar head group. This was done once for the Pactol oil extract and the resulting retention time ranges used in the analyses of the other oils. No glycerophosphatidylserines were observed in the oil samples reported here. Figure 3 shows the averaged mass spectrum for each class of glycerophospholipid in Pactol. An example of the MS-MS data is shown in Fig. 4 for m/z 768, a PC class glycerophospholipid. Due to the small amounts of glycerophospholipids present in each sample, MS-MS identification of the R groups for all phospholipids in each oil could not be achieved. Those glycerophospholipids in Pactol oil that could be identified with respect to their fatty acid chains are summarized in Ta- ble 2. Fatty acid chains of C18 are predominant in the oils, which is consistent with the results from previous studies of a wide range of plant material (7-9, 11). One exception in Table 2 is for m/z 747, a PG class lipid that has both C18 and C16 side chains. This combination has also been observed by Demandre et al. (7) in potato tuber and tobacco leaf samples and by Womiloju et al. (11) in extracts from fungal spores.
Relative abundances of each individual glycerophospholipid in each class were determined from the area of the ion chromatogram corresponding to the detected ion for that particular lipid (see Table 1 ). An example is shown in Fig. 5 for the glycerophosphatidylethanolamines (PE) in Hybridol oil. The results for each oil are summarized in Table 3 . Without a suitable internal standard, it was not possible to compare the absolute amounts of glycerophospholipids among oils, but provided that the extraction efficiencies were similar, the rapeseed oils had significantly more lipid content than olive, almond, or sunflower oils. Olive oil is characterized by a unique signature being comprised principally of PG class glycerophospholipids. It is the only oil that exhibits a single dominant class of lipids and is the only nonseed derived oil in this study. Almond and sunflower oils are poor in PG lipids, the profiles for both exhibiting primarily PE and PC class glycerophospholipids. Indeed, it would be difficult to distinguish these two oils based solely on their lipid profiles. Interestingly, rapeseed oils derived from the two varieties of seeds dealt with here, Pactol and Hybridol, display quite unique lipid abundances. Hybridol oil contains mainly PE and PI class lipids, while Pactol is more evenly distributed, except for a notable absence of PE class lipids.
Conclusions
The described LC-MS and MS-MS methods for the separation and identification of glycerophospholipids in vegetable oils (two types of rapeseed plus olive, almond, and sunflower) are simple and rapid alternatives to previous approaches that require chemical fictionalisation of the lipids and multiple-technique analyses. HPLC allows speed and reproducible separations of the main glycerophospholipid classes. Information about the fatty acid composition of each glycerophospholipid class was given by tandem mass spectrometry without the need to further chemically modify the phospholipids.
Each vegetable oil was found to have a characteristic glycerophospholipid composition, including significant differences between two rapeseed oils, which may be useful in the identification of the oil source in commercial applications. 
